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L- 2b effect of subt-pening prior to aM baking after chrm plating
A81 4340 steel w"s invest4its at stre@nt lovils up to 295,000 p*i.
It Was roife tkat this trefltent bm eGcellent beznflclal effcts on tUe
fation liis ot sm plaae W steal at all the streysth livel.
likely to b usedin oaiercraft oeft ion.

It was datermizne thaet tbhe was no relationship between Vh fatigue
"limits aed any of the other mhebnical properties of tbo plAted steel.
In the oasn of tU unplatd steel, It was established tk,%t tbare was a
definite etragbatdn-I fumtiual com'trlion between the ftatw limit
to elastic limit ratio@ eM the tensile stOCAth levels of the ateel.
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L. To met e st th requilrmes of cpm materials tpplimatior
L.ir, the aircraft indust•ry, effort& bar been made to utrtliw the potntial

ado vantag of the reltively high strength-%might ratio of c•o steels by

heat treatment to strength levels above 200,000 pei, and amre na r ly
approaching 300,000 psl. However, increasing the strength of important
steel component aircraft structures beyond the customary upper limit of
200,000 ps! has introduced prrbleas of hydroen embrittlement and reduced
fatigue life. whenever such high-strength steel WU have been chrome
plated by the standard electroplating ractices. The basic objective of
this project, authorized by reference ta), was to determine certain
specific nffects of plating on high tenuile strength steels uhich affect
the aerviceability of aircraft parts.

2. Available data on steels o' lower strength indicate that shot-
pxiening prior to plating will redw.e the extent of fatigue deem reawsed
by chrom plating, and thot bak]•i vill somvehat reduce the embrittle-
mert effects of hydrogen. Accoreingly, Chromium Plating Specification
Qq-C-J2O has been amended to req!uire that steel parts, Rockwell C40
hardness ar-A abovq, which are critical in fatiguep shell be shot-peened
prior to ea baked after chroae plating, to develop optiam strength
characteriatics in plated high-strength steel parts.

3. It vim not known, WAowver, at what strength level above 220,000
psi the new 7equirewnt in 'the specificatioa would insue avoidance of
serious emrttlement effects an4 fatigue Amap. The ppose of this
facet of tr project, authorized by reference (b), was to d termine what
quantitati-" effects shot-peening prior to and baking after chrome
plating hW c the fatigiu limits of AIBI 434o steel, heat treated to

-astrength lev'ls up to 29'5,000 psi.

4. Reference (b) fzrth-r suggtstei that there might be a possible
.;orrelation between the elastic strenh, a measured by the repeated
load method, and the T'atigue linit . As an aditional facet of thts
project, then, a rt-br .u.trsory inves~tigtion wa conducted to deter",iL

;g-_•r there might '&- a significant correlation between th e tic
-st,-gh a the fatidu limit of plated and unpiatea 434C steel of

diffe-ent strenrtn 'Levels.

-- ~ Y i±. U*IkAY OF RM3UMA,

A ' 1. It vas quAantitatively d[etermina that --hrow platiag kw a dalct.siri-ous effect on the fatrjýo limits of the 4340 steel, ranging from a reductioL

k 1- of betveer 55% azA ?,- of the fatigue 1mitas of thabasis zotal. The amount
of fatigus dAeng vrazed with the streagth level, being great it at the
loear etrongth leve) lese at the interoedtate strength levels, and 'incr-aaed
aedi at the highet ctrongth ievral. Hcwzver, tt wm found tht that-
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ae.ning prior to &n baking *sfr Abrcus platIng bd exmelloet bseuicial
aLfect an tn fat1igeliamits of thi steel at all the stre••th levels
i~kely to be eac,•te, e in aircraf coustrurtie. 8hot.-poeniga nd -

baking inrease~d U,%• fat+.I• liut o*" tin plated specimus to values tha
exose4' tkus of the basis &W, inreasred ta finite :eIU U N an
"even reater extent.

2. Mare proved to ,- a definite Unsar relationship between the
fatigue lmit to elstic limit ratios of the unprated steel and the tensile
esaungft levels investigated, btrt no other relationship to any of the other
mohebnical rzopertles was scortnined. In the caie ef the plated stee.,
no coamrlat,. at all we tvued between the fatiam and elastic liialo
or uaz of the otr mechenicl properties.

'V ,
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_ ~1. The reaulta of this investl&-ftic clearly' *mVW&Ize the b vw,

ficial effacts tht may be de~rived~ by obot-peening prior to chrmae plating
and subsequent baking of ch= pl&We bigb atzenj~h ~AA4 astee plrts
in ovr oiglogs in fainsrntbd oth lt .. mti.
It mWy be concludved that all chr~t plaWe hI&1 strongth ataeel parts.,
%eaich ares uged In app3,caticna wbere high fatigue aiwength or usid
l1M aria dos~p criteriA,, abul be oht-pawnad prior to and bid &Mtr

U ~chrowi plating.

21It mae ascertained that there was a linear corrvlation bettmen
the raftio or thie fatigue laimt to thwa' lasrtic hlmt and Ith tonsile
strengtb hevels of the unpJlated 43140 steel.l There vere no other relation-
ships revealed between fth fatigue limts and any of the o'thir mmbmatica
properties of either the plated or unplated steel

- ~1. It is strongl.y recoiz d that there bes strict adhere'mce to the
requirements of Azvancwnt X of Chromium Plating Specificati~a Q44-320
that plated parts utaich have a hardness of Rockwell C40, or ~above,, which

- ~are designed for unlimiLted life under dyvAauic loads, be shot-peenei
* prior to pl~.ting axA baked after plating.

L ~2. It to reccamened that additional atudieri be initiated in the
following areas to supplement the limted work dowc and reported berein:

a. A copmyrhseiivv study of the relatio~vbip of tWfatigue
and elastic limits of a Yarlety at steels at difftoezm tensile strangth,
levels;

b. The parobvuble ý'.aeficial affoct of "coaxing" on the fatigue
propertie& of chtrome pl,.ed ate.],.;

c. ?7i,i -4fect of tshot-peening tifter plating on the fatigue
propeý ties of ir~rc lated high istrengft steals.
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Daecr!Xipt wAm Test ohtkod,

um wa fro a1Q cooaca beat&. ot AM~ ý44) Bt!e1

With WM-8-5000At meting the r~quikeinnts shmm balzcw:

-38/.143
.60/.80

2,bopborzus .04iO fax.
SM19hu.-.040 )ax.

Silicon e20/435
Nichol 1.65/2.0
CbrooiUR :70/.90
Molybdenum .20/.30

2,~ ].ea =9 no-miliw4 at 1600?F for 30 minuites, Watenitize4
152,-,F Zr- on bor oil qusnobed, wa tbon tompsied for or,9 howr at
umzaua sbown blowl for the ccarrepording strength klevlg'

175-185 1Q0009?
230-24I0 735*7
250-260 630OF
2,85-300 4001O7

3. Skc'-poseed specimus were peecud in an airless blast, "MhIn
-azins 5-110 best-.;roated steel abot tO Pr~dueef a wmifoim covemsi.-
LIý2ing 'an arc heighat of A2-.005' to .010 * hJ

4. Synciinna were chrom, plated at a current dUI~t~Y Of 2 4PIS
eiquare inch for two bours. Tbe ratio of chromic acdA to sialphatt 5,n the
chrouumi plating bath vas 100 to 1; 33 oumes of chrOmic acid to theR
SLUc= was used. * e bath temp.raftmz was 0itam at y *31 lo
vith air agiittion. ftme plating ca~ittosis ressUted In a Plating
tkaickzwes of 0.002", vith a tolerance of .0.0005" + 0.

5. !hakzIn of speclimns consisted of heatin at 37597 t 250 for
3-1./2 hours. Th fatiow evaluation'Was pert orimd using .standard rotatiz--,.
bee. type fatigm ue chins. The usual operating prood~urse vars foflowd
of subjecting spec imns to successively lower valu~es or stress adm&.rzir~-
ing the number of cycles to failure, until a stress level ve es Ykw& at
iihich the spec imue did not fracture in a given namber of cyc tao, 20
~ai~loc cycles in this investiptiou. control speiatmi vwv pi ab

6. ?b fatigue evalustim consisted of establishin 84K curves for-
stool.s beat treated to obtain four different strength lievels, z:%h *e vuvt
level tinvolving curves for each of six groups, as followat



1. Cn+taz - basis metali

2. C br plated
3. CLbro plated and babwd
4. Sbat-peened
5. Sbot-Wened an ch-m Plabd
6. 8bo-pweetd, chrme plated and baied

7. Tn cc ction vit h fati* evaluti•, rathr brief and
S,!ini•. t'a istigtaons vore wide of the folloving areas o" i1ter~st:

-- 3 curve of macP-ined specimna comiar*d to thAt of grwnd
- .imm~ both groups highly polished;

b. affect of t-peening after plating on the fatigue Yrortiis
-amr~ platei steel;

c. Kffect of "cowting unpeead cOn plated specimers ;a t~a
:aigu 1p~ropries.•

8. Tke elastic limits of tke different strongth level steolls ware
date mue;d using stsandad .505" tensile specimens vbich were initially
higy polisheo. Using standard techniquss, two hidvin 3-4 s@train
gagea, ?ype A-3, were attacbed on opposite side* of to WW length of
each specimen. TM strain gp•s were coazcted in serles to give averv.p
readings. A duplicate =stressed speca •m• with strain gmwe was
utilized to provide temperatue cmensatioa. As tim bets l proesseed
it va obearved that there vas considermla sla]ipW of tUm strai &.es
vith applieation of high load *. ?iM vea attrkIbte to th high e'sre
of polish on the gp section of the specimns. It ve fotA that If
the surfaces of the Wihl polished specims ,r,, rougihmd slighty by
vapor blasting prior to the attackootnt of the ~pso, tim We sliMi vies
cmplete ly eliminated.

9. Valuss of the elastic limit ase, of curse,, artitrary in nature
and depend upon tUs mguite of the pernzmnt set ests•lisxa as a
standazrd, of vhica there seem to be a great lack of %niforuity. Values
of tko elastic limits vary greatly with the sensitivity an accuracy of
the testing and strain measuring e*qQipnt, eccentricity of loa&ig arn1
otber factors. For tim purpose of this evalastion, the requim ats of
the Federal Test etbod Standard INo. 151 vere use as a criteris fnr tbe
determination of tbe elastic limit,, hIch is defined thereiL &a t4
maim stress vwich causes a pernmnt set eqwal to or greater "-,

0.000030 inch per inch of SW4 length upon eawplete relaw.e of c4A.

10. A prodeterainsd lori of appys iuately 20% of t• e*xetad e ýwVl
liit ws app•isd several time to coadition the strain " , wvich
sxtbLliw*.1k the operatlov and reduced the tendency of the &pW t.o ftlL
to return to the initial zero after removal of the first load. In ma'inz
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strain msaursnmnts, the initial and fizal strain readings, aft'r imm l
*of tast load were taken uasing a smal load of "out 200 lbs.,v Instead

of &ero load. Strain readings were rcorded a load and after removal of
load, by talainctWhe strarn indicator. Cycles of losding vart repeat4d
with sac.a•s•vel." b4er loads in increments of 5000 lbs.,p untV. a oli:ft
set was observed, ea then loading proceeded in avill incremnt of 1000
lbs., and later 500 lbs., as the elastic llint was aoy cbed.

11. After the elastic limit determinations were m•,n- Us SR-4 strain
pg.es were reuoved from tka speciinns and the us=a engirnarLg tensile
*dta worw obt0md using the standard autograpdc mthodW.

A. Minimization of the Advers. Effects of k= ltgaVi

D fnLife

1.For the prc.or discuusion, thedfeetsteghlvl

of three snile specimens of the unpluted steel. On this basis, the
results of t& fatigue evaluations are ahown Smphical)y ar Plates 1 to 4,
inclusive, for the 180 ksi, 235 kai, 255 kai and 295 kai atr"ng,• levels,
respe-.tirely. The mual a•mnt of fatigu scatter was otV1nm, but in
the interest or clarity, th* Individual test plots are not show on the
graphs. Thadet-Aled evaluation test result are listed in tabulAr form
in Appeudix 1, Tables I to4,inclua.lve, for the 180 iji, 235 kai, 255 kat,
anu 295 ksi strength levels, respectively.

2. On Plate 5 am shovn the relative value of the fatigue limits
obtained for the varicus groups of specimens, as affected by the difftrent
surface trvimawnts. The fatigue limits, bamd on 20 million cycles of
repeated stress, are smarired below, for each strength level, togethr

with a comparicon of the value of V%,ý fatigt% hlmt of each gopto itJc ontr ol: 

f t E n t

Strength Leve, ki 80235 9255 ___

kai % twi % icci % ba± %

""ntitrol 84 i00.0 98 1OC.O 98 100.0 97 i00.0
-lAtod 38 45.2 76 77.6 77 78.6 48 49.5
*Pl.at.ed x-b..d 59 70.0 79 8o.6 76 77.6 4,8 41.5
Sbot-pk 91 .08.3 101 103,1 1r" 104.1 98 oi1.0
sht - pI-:• W4 plated 82 Q7.6 1O2 1o4.1 W 99.0 90 9.8
S.pla, d 95 13.1 103 105.1 99 101.0 1MO 103.1

% -~
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3. In slailar fabhion, the values of the fatigue strength at 100j000

_cycles are show in gapblcal foran Plate 6 and are barized lelm for
each strength level,. topther with a comparison of the values of tbi
fatigus strorgt of each group to its control:

- FTatigue Strezneths

180h Lel 180 235 255 295
kni % kni 5 ksi. kai %

Control 109 100 117 100 125 100 133 100
Plated 70 64.2 94 80.3 95 76-0 72 540.1
Plated and Baked 82 75.2 100 85.5 89 71.2 76 57.1
Shot-.•eend 15 105.5 133 113.7 135 108.0 155 116.5
I a-peenedw nd plated 1o4 95.4 ý20 I02.6 13 105,6 135 11.5
Shot-poene', plated 112 102.8 130 111.i 141 112.8 139 104.5
and baketa

4. Frcs; an examWaaion of the tabulated and graphical presentation of
+be data, the following cow lusions my be deuced concerning the effects
of the various trmrbsnts ýn the fatig•xt limits of 4340 steel at different
strength levels.

a. Fatigue limit values of the base metal increased with ultimate
mtrength up to a dertain point and then leveled off. Other investigators
have in fact, found that at the higber strength lavele, the fatigue
limits actuaLly 4ecreave with inoreased tensile strength. This would
indicate that there is nothing to be gained in going to an eiamly high
strength level solely in attempts to obtain increased fatigue limit, for
the base metal. Eowever, in the event that structures, ouch as aircraft
lading gears, are designed on the basis of static strength, then it
would be advantageous to go to a higher strength level since the fatigue
limit woulL be %.owwhat equivalent to that of the sam structure designed
on the basis of a lower static strength.

\i. It was quantitatively determined that chrom plating has a
deleterious effect on the fatigue life of steel, the amount of doxaa

- depending upon the strength level of the steel. It was found tbat the
percentue of reduction in fatigue lialt was greatest at the lower strength
level, not as great at the intermediate atrength levels, and L -reased
again t' the higher strength level.

c. Baking after plating wAd considrable beneficial efWects at

the lower r•,ongth level, out its effects were ntgligible at the hiaber

strangtn levels, although in no case were any harmful effecto noted as a
result of baking.

A 4. Sbot--peeuing increased the fatigue limits or the base mtal
in all c"as, the amount depending upon the stvength level of the steel,

: •,L
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a .... •.r jr occurring at the Iower strength. Since shr.ening
r;ýzzi at am, a revilt of Ume -cubination of cold workinig and the

i..... :•-,,ý-,3•,: or c z ;3zi v-a residual straees on the surface, the gr &aV•r
ta-z1 mfcto' mt tb* lowear strength level. ore probably due to the
c' r msaptibility of the lower strength steel to cold wofkin,. Even

,U 4 2i ncr~eAso in fatigue limits of the base metal at now utringth
1ovx-ke L slij t,9 m a r eult of abot-peening, in all cases, the inwrease
iri ±nWits life •aw considerable.

e. Shot-Seening prior to plating was extremely benmficial., at
t!•• Dvren i•nreazing the f-tigue limits of plated specimens 'to values
aboy. 'Uhose of the basic nmtal, and ircr'azing the finit. life to an even
groalutr proportional extent.

f. Baking specimens (after plating) that bad been lbot-peoned
prior to plating mse beneficial in all camee, to the extent that specirens
undergoing sbot-peening prior to and baking after Vating hd fat*.ig
limits that exceeded those of the ba" metal.

To umnxrize the results of this phs of the investigation, it was
found that shot-peening prior to and 1Laking after chrome plating had
excellent beneficial effects on the fatigue limits of 1430 steel at al
the strengh levels likely to be used in aircraft cntruction. The
findings of this investigation offer significant evidence to substantiate
the requirement of Amendment 1 of Specification A-C-320 that all chr=
plated steels vbich are designed for unlimited life under 6ie loeds
be shot-peeind prior to and baked after chrom plating.

5. An economical and unique mthod of fabricating rotating beam
fatigue specimens bad been developed at the Aronautical Materials Laboratory
which involved grinding of specimens. It me considered desirable to
continue to use this rapid fabricating technique in the evalutoa of the
effects of shot-peening and baking on the fatigue proerties ef the 4340
steel studied in this investiotiOn. lovever, it bed been repoted by
an airframe manufacturer that grinding had an adverse effect on the
fatigue properties of high strength steels. In order to confirm this,
a group of machined specimens at the 285-300 kai strength level was
cbeck"d against a group of ground specimens and the results, shown in
Table 4, indicate a slight superiority of 1000 psi in the fatigue IWit
o- the mrehined specimens, a difference wll within the scoe of erderi-
mental error.

6. It is believed that reduction in fa%igue limit in the grinling of
high etrength iteel parts may have been simp• due to unfavorable yrinding
coeditims; tbat,. is, improper abrasive, heavy grinding cuts, unamit~ble
coolants, etc. Under contzrolled laboratory conAltions, using proper
abrasive, coolant and taking light grinding cuts, such as were utillted



in thse isivet/pVion, It was found that there was no signifliant d•mftrn"
in Ito ftgim proprties of the ground aend mahined steel spesane .

7. Instances bove been reported In *am of the literature vhemr
abot-peeniag spec~imens after, instead of before pli~ting had geatly

.V increased tJe fatigue life of nicial plated stel&. In consieratlon of
this possibility occurring with j platin., two groups of cpacmns
at the 295 ksi strength level were shot-peaned after chome platin and
fatigue tested. Mat detailed test results are listed in Table 5, and shown
ge*hic*Uly on Plate 7 tagpther with curves of speclime * pw•d before
plating. A innmry and,' wis•n of the effects of sbot-peeasng kefo~v
s-d after plating sand subeeqy•nt bakg is don below:

Condition Fatigue Limit/

control 97
Shot-peenad an& plated 90.8
Shot-peened, plated and baked 100 103.1
Plated and abot-peesd 99 M02.1
Plated, abut-peened and bakad 102 105.2

Thus, the fatigue l1mit of specimwanx peened after plating proved to be
abort 10% geater thean that of specimens peened before plating. In order
to dateLzwne vbat effects, if any, shot-pening after pla~tng d on the
corrosion resistant properties of the chr-m plated steel, a nuuzar of
e---h' ty, of broken fatIque specimns were subjected to salt-spray corro-
sion tests. It was observed that the least corrodad of the specimas
tested were tbos pesned after plating, these specimens having less than
20% of the surface corroled in 115 hours. Specimens revealing mxin=
effect of corrosion were thost sbot-peened before plating, these specimena
shoing 4o to 6o% of the surfact corroded after 1 hour an 60 to 100%
corroded after 115 hours. A detailed chart of the effects of surface
trvea nts on t corrosion resistant properties of these speclns Is
shown in Table 6 and are ummarizd below in a deroeAing order tf mrit:

1. Plated and Nened
2. Plated, Peened and Beksd
3. Plated and Baked
I4. Plated only
5. Peened, Plated and Baked
6. PNened and Plated

8. In addition, microscopic cxidiaticaz were made of several of the
specimzn to daternins what Opsical effects shot-jcning after plating
bad on the cbro plating itself. There memed to be very little difference
between the a~pparr~an of the ýbron~um coating of the speci~nan shot-psened
before or after plating, Peening aftmr plating would have a tendency to

oinizite the strase concentration effects by rounding off the asdq mcro-
.scopic ar~ka tbat are present ,ac t-a surface of an electrodieposited hard
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chromia plave. Pening would ayar to place the surface of the plating
in a state of c•ressive residual strvss, both changes being coducive
to luproved fatigu properties For the m reasons, iamwpovd corrosion
reol•twce amn stross corrosion r.eistance could be expected fom the
specimens peened after platU4,,

9. From this liited irwatigtion, it oulAd won that consie• ration
could be given to the poasibility of shot-peening parts in service that
had been suscaptible to ts'/±gia failvre tacause of reduced fatigue proper-
ties due to chram plativ'g. Such parts could be remov•ed, shot-peened
(without stripping the Tpiating) and re-installed with a rdhniism of incon-
venince . Webre rubbir4 surfaces arm factors, these surfaces could be
smoothed by the hominw process which treatment in itsel' in• onducive to
improvad fatigue prcpertles.

10. It is a vmll known fact tht remarkable increases in the ftigue
strlngths and fatigue limits of virgin steel my be obtaId •"ub th
"coaxing process." Tbe "coaxing process" involves repeated urdertressing

for 10 zllUion cycles at a level just belov the fatigue limit, followed by
a few aillirn cycles at each of a series of higher stresses, increasad in
gradual staps. However, no work oan the effect o.f the "coaxing process" on
the fatigue properties of chrow plated steel is known to beve been published.
In order to obtain some data which would be of academic interest end possible
tuture practical use, a nuaber of chrome plated specimens were subjected
to the "c.cxing process". This was done in a reand, and very restrictsd
fashion, since the number of specimens for the basic project itself was
initially limited. Spcimens that proved to have unlinIted life more
subjected to increasing strecs in increments of 3000 pei and run for
5 million cycles at each stress level until fracture occurred. The bigbest
stress austained by the specimmus without fracture was defined as tin new
coaxed fatigu limit. Rather interesting results vere obtairad es
follows:

Fatigue Limitsp_ Unlattd Steel

Virgin Shot-Peened COaxZOO
S-ength Level/ksi kal ki %Inc. kal. %Inc.

- 84 91 8.3 93 10.7
235 98 101 3.1 100 2.0
255 98 102 4.1 103 5.1
"295 97 98 1.0 107 10.3

fttigue Limits, Plated Steel

Vir in Shot-Peewd Conaw45

S180 38 8 115.8 56 47.3

235 76 102 34.2 81 6.6
255 77 97 26. 86 11.7
295 48 90 87.5 77 6oWA

• Avert• of 2 specimrna
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Correlation of atgeand Jilastic 14iit.,

L lo A previous investirtion conducted at the Massa.Aatstts Institute
of 1sahnoloa# reference (c , indicated that there migkt be a algificant
correlation betweenr Wwe elastic limitsj, manured by the repiatod load

L. mst~4, and the fatigue lUnits of anow steels. If i% Is assumd that
fxtigu dumpg occurs whan minute plastic W~ormation tales place, it
would awn reasonable thAt fatipa litsits and elastic limits mIght be
related,. since the elastic limits obtained by repeated loading wera
also determined on the basis of minute plastic deformation.

2. Since a considerable amount of effort had already been expended
in establishing pertinent rotating bean fatigue data on the 4340 steels.,
at a nmber ',f strevSýA levels., an attempt was made to det~rarin whether
a correlat~ion existed between the values of the fatigue limits of the bore
and plated metals and tkoir elastic limits. It was recognized tbzt tUp
values of the rotating bean fatigue liaits (complete reversal of stress)
would-be lowr thin the direct stress fat~igue limits (uero alniumi to

* L maxin) and that the latter would more nearly simulate the loading
cycles used for elastic l'4mit determinations. It vas further recognized
that it Is quite probable. that there might be a correlation variation,,
other than quentitativej, due to the different methods of stressing; that
is, the rotating bean specimens were subjected to flexure stress whereas
the tensile specimens were subjected to direct stress. However., due to
ti"i and finaticial 14mitationse, it was decided to forego at this tim the

- soAre logical corz lat~ion evaluation between elastic limits and direct
stress fatigue limits,, both of which use the, same type of loading in their
determination.

3. Ixu the investigation conducted at thm Massachusettm Institute of
Mecbnology,p previously mentioned., at tinvas, reeidual negative (compressive)
strains appeared after unloading at loads below the olastic limtit. In
such casec, the elastic limit was defined as the streaa at which the
residual strain continued to increzse in the positive direction with
repeatard application and removal of the saw load at which the initial
swall increment of strain vas first observed. After considerable study.,

A these investigators believed they were justified in adopting this as a
general criterion for elastic limit determination. Although no negative
strains were tik~erved in the conduct of this evaluatioa at the Aeronautical
Materiale Laboratory,. several specimens vere eva.luated using the method of
YMuir. Ave rbach and Cohen and reasonabla agre3ment was obtained with the
values determined by using as a standard the 0.000030 inch per Inch of p
length as a permanent net criterion for the elastic limit.

4. fte complete data on the mechanical properties of the various
strength level stoels, based on an avertige of three test specienne in the
plated and bam, conditiona, are listed in detail in Table 6, aM~ are
stm.rirAwd brlow:K LV-



i2

Btrxn*t Unsi~e Yield Mlastic 7atlgue
lv Strength/ Strengt ProotioAl 4imt/. Limit/

W kkl kat LimiL•t/h kat k

180 181.0 175.0 155.0 14T7.5 3.0
235 233.2 213.5 188.5 1447. 76.o
255 258.2 230.0 196.5, 142.9 77.
295 29e.8 217.6 159.5 130.0 48.oL

3tren.h Teho1e Yie.d Elastic Fat•gue
Level/ strength/ strength/ Proportio=a1 Llzii/ Litit/

.80 1.81.8 173.5 154.2 W.36.7 84.0
235 236.0 2215.5 11.77.3 147.6 98.0
2,55 251,.2 225.1 2c,5.4 U.4J. 2  98.0
295 ,96.7 221.4 161.4 137.3 97,0

5. The above data am shown graphically t,3r the plated and bare sttm)..
in Plates 8 and 9j, respectively. It Is ajpnint from an exZaujstiou of
both the tabular and graphical data that ftera It no direct 1!'aar
correlation between the fatigue limit and tuqr wam of the other -chavical
properties. However, the elastic limit aetcui to offer tbo best potential
as the basis for the correlation of the fatigue limit to WW slog..
mechanical property, the curve of the elast,. limit moe nearly coalnedng
vith that of the fatigue limit.

6. The saw data ox summarized below in tenw of the ratio of the
values of the fatigue limits of the plated anM bazm steela to ft, values
of the o+;mr ,achanical properties, on a coapariton basis:

180 ksat 235 hai keiw
Do" e lated Dare Plated Dare Mated Bare Plated

.timate .46p .210 .415 .325 0390 .298 .327 .1a4
Strength

YIeld .484 .217 .455 .356 .435 .335 .438 .221
Stre Afth

Proportionl .545 .r45 .497 .403 .477 .39 .600 .30
Limit

m1astic .614 .258 .664 .525 .680 .539 .706 .369
Limit



LGraiicially, the ratios of *the fatigue limits to the other

maboanical properties, for the plated and ban 43340 steels of different
L. strength levels, is shuwn on PFtes 10 and 11, resptetively. Sirue this

evaluation Is concerned only vith the poesible correlation of Idw fatigue
limts vith the other mehanical properties, discussions eoneerting tAe

• ;L. viriation of mcbmV,,al properties themselves vtbh eitkr harda51 s or
tempsering temperature sre not pertinent at this time.

• t. B. In the case of the plated steels, there in no evidence of mnycorrtationc mbmten the properlimis thand anys ofthe other meheranial

yroperties of the plated steels. From on examination of Plate 11, it
appsars as i dare is a definite straight line functio corralation
betven the retios of the fMtigue limits to the elastic limit ar, the
dtfferent strength levels of Noe 4340 steel studied in this inesi.gation,
bt no correlation is indicated vith the other mechanical propesWs of
Uhe bee steel.

9., A simple mathematical equation may ba develcopad to show the re-
lationship of the ratios of the fatigue limits to the elas+Ac limits at
the various mength levels for the unplated steelvs, as follOvm:

Sn 0.0008 T.S. + 0.470

R is the ratio of the fatigue limit to the elastic limit
T.8, is the tensile strength of the steel in ksi

M0. From the above, the fatigue limit for any strength level of the
basis 4340 steel ctrjAi be predicted, if the elastic limit were first
da•.ained by the repeated load method, as described herein. Determina-
tion of the elastic limit is relatively fast and inexpa-_ l- as compared
V) the standard procedure for determining the fatigue limits.

S . 11. It must be emp.hasized that the scope 'of this investigation was
exploratory in nature, and was intended =rely to ascertain wbother there
exioted come sort of correlation. By its very limitations, the investiga-
tion precluded the study of a variety of steels, the use of the more
sensitive but time consiming Tuckeman g•aa, and the testing of large
quantities of specimens for proper statist-Ical analysis. If turtner
investigation along these lines is contemplated, it would be desirable
to examiye a number of steels, using Tuckerman gages, and toeting a
sufficient nu~ber of specimens to give significant statistical meaning
Sthe remslt.
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AN 1410 A1-1
ft"!A

Snss/pput MA BtBszis yce ____

120,000 141,000 120,.000 11,001W000 120, 000
1129000 65,000 110,000 21,000 110.000 145,0000
105,000 134,,000 8o..00o 52,000 70,000 101,0000

97,000 W61000 65,000 106,000o 65p000 208,.000
900000 M1,000 50*000 2214,000 6e,,O~j 3714,00
&eyOO 7"80000 140.,000 1403,000 6lDOCQ 229,000
85,000 757;000 349.000 246,.000 60.0000 35.-26..0000

-~83,000 22#&814,000 38,000 18,010,0000. 60,t=o 1OW9t000
8400cw 80,9879,000. 38,000 27,976,000

-( Sbot.-Pened,.
_Shot-PNrnd Sbot-Peened and Pl~ated Plafed MA Baked

________~ cle Stress/pet Cycles St"es/~ Cycles

32o*ooo 51&,oO 120,000 27,000 m20000 47#000
.10,000 141j,000 105,000 93,000 110,000 93,000

_100,000 668,000 95,000 277,000O 105,000 275,000
*95),000 570,000 90,000 281,9000 100,000 1439s,000

93,000 790,000 85,1000 3147,000 97,000 983,000O
92,000 620,000o 83i,000 654.,OOO 96,0000 2p57,9000

-910000 27,000,000O* 82,000 28,725$,000* 95,000 22,000,*000*

* - 5u8!mar~ of 1ategn Test Results

Condition F&URM- Limit/Lws

Basis D~stal 814,uoo
'Plat~ed 38,00C

-Plated and Baked 59,000
Sbut-N~ned 91,000
Shot~.N.Fned and Plated 82,,000
8but-Peenedp Plated and Baked 95,000

APPMNDX 1
TA=~ 1

OIndicates nio failure



a 41d1o AI.2
1Ž PART XUII

Fat Wvmluatlou Results, 235 kal Stre%!IAve3.

control Plated P33Aed and bake

C64! es Stysess/psi Cycles Stress/Pat cycles__

114.0, 00 39,000, ±*u,Ooc 18±oovv 14.'4,oo2000
120,000 80,000 120,000 32,000 120,000 42,000o
1200000 88,000 1003,000 82.,000 no10,000 52,9000
Z051,000 2100000 90,000o 89,000 100,000 96,000
100,000 195,000 8n,'000 158,.000 90,000 170.,000
100,000o 224.,0t 78,000 183.,000 85.o00 399%000

99,000o 2o0,147,000* 77,000 19,995,.000* 80,000 2314,000
99,000 457,000 77,000 326,000 80,000 610,000o
98,OOO 38,861&,000* 7'6.,000 20,02oO.ooo* 79,000O 25,.632,000*
98,000 20,,096,000* 76,000 26p661.jooo* 79,000 66,293,000*

Shot-Peened,q
Shot-Peened Sbot-PeztA aMd Plated Plated eAM Bakced

Stzeass/pl qCcles Stess jxcle t's/~ ycite

1o,0,000 47,003o 140,000o 26,000 140,.000 29,000
120,000 2133,000 120,9000 89,000o 120,000 204,000o
115,000 820,000 - -

UO,.000 1,,316,000o 110,9000 163.,000 110,000 1,677,000
105,000 3.,824,000 105,000 676,000 105.,000 7.,141,000
1C.31000 1,383:000 104,000 9.8000 104.,000 5,0921,0000
102,000 14,917,000 103,000 329,000 103.,000 22#92 %000O*
101j,000 24 ,247,000o* 102,000 65,,688,000o*

84mz of Fatt~m Test Recults

Con~ition F'atigue Limit/psi.

Basis metal 98,000
Fisted 76,000o
Plated and Baked 79,000
Shot-Peened 101,000
Shot-Peened vzd Plated 102,0000
Shot-Peer*4d, Plated and Baked 103,0(X)O

APPM IDx 1

j *Iz:iites no failbreTAL2



Al 4iiO A1.3

Coutrol puat" Plated *Ad 300d

strooliul gnu3s Strosa/pI st

14,i31,000 320,000 34,0000 120,000 29,0001311O 50,000 100,.000 48,00 o,ooo 10,009,o000
120,00 81,000 85,000o 178,,000 90,9oo 900000110,000 419,000 82,.000 wom0 85.,000 128"000

1000 986,000o 80, 000 195,o00o 80"0oo 199,0oo100,000 1,348,000 79,0000 466,000 78,.000 275,0000j9105000 2,g.oo 78,000 20,98kp1,000.-O 39,i71.000*
99,000 734,000 78,000 1,176,9000 770026,o
98,000 31,11,00..oo 77,00 27,122,00W0 76,0000 904oo

77,o000 22,,162,,000. 76,000 26j.2-3,O0oo

&S~-tz S&tN.u 8tNraPlated-% Plat. CA baked

Stroes/a ~g ~ ttsg~ cycle'. stmess/pa Cyl

14o.,ooo 55,000 1140o,,co 45.,000 140,000 85,.00012jW an000 1200000 462,000 120,000 1,129,0001108000 511,000 10,0000 411,000 110,000 4,163,000
107#000 14,298,000 105,000 405170000 103,000 904 39,000105,000 13,0914j,000 100,000 4,722,00 100,000 1.,723,000

-103,.000 2,253,000 99,0300 3.,789j,000 100,0000 12,9195,000102,0oo 22a,479,ooo.* 98,000 2,'1.72,,000 99,000 25,150,000*
97,000o 25,665,000.

Comlm of paatt Test Rowata

* *"sis Notal 98.,000
Plated 77,000
Platei! and Baked 76,000o
Shot-yooned 1021,000
Sbot-poned and Plated 97, 000
Shot-pooned, P18:ted miaked 99,0000

APflNIX 1
*IndiJ~t~IJ 0 fwiur@ ABX 3



a 4l10 A:kLa.

ii, _ _ _ _ _ _ _ _ _ PART X111

Fatiaus Evaluationi Results, 295 kei Stregtka Lavel

control Plated Plated and Baked

Stress/psi Cycles ps Cycles Stress/psi WIS

1140,000 49,000 97,000 2 -7j. . -,000 39, 000
135,000O 123.,000 90,9000 39,000 000CI 202,000o

1sO 145,0000 60,000) 83.,000 50,003V 470ý,000
125.,000 180,oo6.oo W,000 49.,000 654",00C
115,000O 126,000 50,000 265,.00 148,000 29,544,000*
110,000 341.,000 49.,000 3,.496,ot
-1,05,.000 7066,00 48,000 20,000,r A7
100.,000 906,0000 48,000o 25,9686. 0*

98,9000 :13,,850,000
97,000 28,432j,000*
97,000 21,234,3000*

Sbot-Psent4.,
Shot-Peened Shot-Peenedl and Plated Plated and Baked

Stress/pai Cycle. Stress/Pat C2ycles - Streess/psi Cy2cles

155.,000 14j,000 140,000 66,000 140,000o 128,000
145.,000 199,.000 120j,000 321j,000 120,000 325,000
135,000 397P00fl 110,000 333j,000 110,000 1,,431,000
110J,000 3,273,.000 100,00 1013000 108.,00 82,0
-05.,000 5,.727,.000 95,,000 3,029,0#16000 5,49,0
100, 000 8,785.,000 92,-000 2,.070,,000 105,000 4,158,.000
.49,000 11j,801.,000 91,000 18,132,000 102,000 12,160,000
W9 0 0-0 15,899,.000 90,000 25,705,000** 100,000 33,.000,,000*
98,,')W 30.,342,,000* 90ý,000 22,.981,000*

4:140POOO 34,000
125,000 85,,000
110,000 245,f=0 AWENDIX 1
130,0 00 2,015%(Ow Ta u .4of 2 p g s99,000 1,538,000 (P456 I.o Pgs

98,000 27.,758, 000)*
98,000 21.,5971("0

*Indicates no failure
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25kal tz~ Javel cam )

84yor M~Wn Test 3em~lta

bale Metal- Nsacblmd 98,0000
Dote NwW-ta Grotad (Coatrol) 97tooo
Plated 8oo
F16* aMc Baked 4~8,p=
Sbot,-Poefted o.
Shoto-Pned aiuA Pla~ted 90,000

- 8ot-N~eiwd,, Plated end bked l1.00,00

?AM 4

~ I(pace 2 Of 2 paea)
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Fatigue EvaluatlOn ReultS, 295 ksi Strength Level

Peening After Cbrt Plating

PlAted and Shot-Peened Plated, Shot-Peened and Baked

Strse'!'i C~le StesdCces-

140,0o0 171,000 140,000 179,000
120,000 433,000 120,000 1,862,000
110,000 2,082,000 110,000 4, 321,000
105ooo 5),396,000 107,00 3,7,000

2 104,000 2,707,000 lo6,o00 6,674,000
103,000 1,879,000 105,000 3,222,000
102,000 17,998,000 105,0OO 6,44•7,or
101,000 8,427,000 1o4,OOO 17,470,000
100,000 15,869,000 103,000 9,978,000
99q,000 20,853,000* 102,000 25,788,000*

SuIEEry of Fatigue Test Results

Condition Fatigue Limit/psi

Base Metal F7,000

Plated 48,000
Plated and Baked 48,000
Shot-Peened 98,000
Shot-Peened and Plated 90,000
Shot-Peened, Plated and Baked I00,000
Plated and Shot-Peened 99)000
Plated, Shot-Peened and Baked 102,000

APPENDIX 1
A-ABLE 5

* Indicates no failure



As ~41o Al..7

FMT x~l

Results of Static Stre. t Tests -

A8 l Strength Level

Bare Steel

Ultimate Strength/psi Yield Strength/psi Proportional Limit/psO Eljactic Limit/psi

181,i00 173,500 150,030 137,500

182,800 173,50n 157,50C 135,ooo
i81,500 Y 155,000 137, 50

Avg. 181,800 173,500 154,167 136,667

Plated Steel

180,500 175,000 157,300 147,500
181,750 175,000 150,000 147,500
18o,.1 o0ooo 157,500 147,500

Avg. 181,000 175,000 155,000 147,500

235 ksi Strength level

Bare Steel

Ultimate Strengt/psi Yield Strength/psi Proportional Limit/pi Elastic ,imtit/_pi

23n,740 212,0S) 188,970 150,680
239,690 218,010 2,';i,4•0 145,330
237,6oo 216,320 . _ol,4oo 146,700

Avg. 236,010 215,473 197,257 147,570

Plated Steel

239,390 218,360 199,080 14i,840
231,320 211, 510 178,320 145,62o
231,.24o 210,550 188,210 146,700

Avg. 233,983 213,)457 18k, 537 144,720

APPENDIX I
TABLE 6
(Page 1lof 2 pages)
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PART MII

255 klsi Stzongth level
Bw.e S' el

- Ultimate Strength/psi Yield Strengeh/psi Proportional Limitlpsi Mastic Limit/psi

250,34o 226,450 209,030 146,boo
251,830 224,960 209,030 145,450
251,340 223,960 198,080 140,350

Avg. 251,170 225,123 205,380 144,200

Plated Steel

261,530 231,810 193,180 146,000
251,630 225,37' 198,130 142,10O
261,&530 232, W0 198,130 14,690

Avg. 258,230 229,993 196,"&0 142,930

295 k8i Strength Level

Bare Steel

Ultimate Strength/psi Yield Strength/psi Proportional Lim!,/psi Elastic Limit/psi

305,590 223,960 159,26C 139,350
283,950 221,300 166,730 142,130
300,61o 218,9-0 15b,26, 130,520

Avg. 296,717 221,387 161,417 137,333

Plated Steel

265,42'J 217,C80 162,820 126,200
290,6oo 215,b:O 157,880 130,74o302,40x 219,06o 157,860 133,200

Avg. 292,8al 217,597 159,527 130,o46

APPENDIX 1
4 ,TABLE 6

(Pa 2 of 2 Pa,)
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Evaluation of Corrosion Resistance

Hours of Salt Spray .
S p e c im e n4 

3 5 1 5 1 0Teatent No. 3 4 6 2 2 5 2 7 .35 39

1. Plated and Peened 49 1 1 1 1 1 1 1 1 1 1 2
49 1 1 1 1 1 1 1 1 1 1 1
50 1 1 1 1 1 1 1 1 2 2
50 1 1 1 11 1 1 1 1. 1 1

2. Platad, Peened and 59 1 1 1 1 1 1 1 1 1 1 1
Baked 59 1 1 1 1 1 1 1 1 1 1 2

60 1 1 1 11 1 1. 1 1 1 1
60 1 1 1 1 1 1 1 1 1 3 3

3 3.Plated a Baked 73 1 1 1 1 1 1 1 1 1 1 1
73 1 1 1 1 2 2 2 2 2 2 2
7k 1 1 1 11 1 1 21 1 1 1
74 1 1 1 1 1 1 1 1 1 1 1

4.Plated only 69 1 1 1 2 3 3 3 3 3 3 369 1 1 .1 2 2 2 2 2 2 2
70 1 1 1 1 2 3 3 3 3 3 3
70 1 1 1 1 2 2 2 2 2 2 2

5. Peened., Plated and Xl 1 1 12 2 2 2 2 2 2
Baked Xi 3 3 3 3 3 3 3 3 3 3 3

X2 3 3 3 3 3 3 3 3 3 4 4
X2 3 3 3 3 3 3 3 3 3 4 4

6. Peened and Plated 105 3 3 3 3 3 3 3 3 4 4
105 3 3 3 3 3 3 3 3 3 4 4
110 3 3 3 3 3 3 3 3 3 4 4
o0 3 3 3 3 3 3 3 3 3 4 4

Rating Sytem

C,.ode. Percentage of the alir•ace pitted -,r corroded

1 0 to a2
2 2o to 4o
3 'Lo 3to 60
'4 609 to go

ij I- PPENDIX 1
TABLU 7


